Abstract. Caveolin-1 is a scaffold protein of caveolae in the mucosa of the gastrointestinal tract and acts as a tumor modulator by interacting with cell adhesion molecules and signaling receptors. Caveolin-1 stabilizes cell-cell and cellmatrix contacts and is a hallmark of a number of different types of human cancer, including gastric cancer. All-trans retinoic acid (ATRA), a derivative of vitamin A, has been demonstrated to exhibit tumor inhibitory effects in acute leukemia and certain types of solid tumor. In the present study, treatment with ATRA was demonstrated to inhibit the proliferation of gastric cancer cell line SGC7901, in a time-and dose-dependent manner. The markedly increased membrane localization of caveolin-1 was observed in the cells that were treated with 10 µmol/l ATRA for > 48 h. In addition, it was observed that treatment with ATRA was able to regulate the level of phosphorylation of extracellular signal-regulated kinase (ERK). Therefore, the SGC7901 cells were treated with a specific agonist of ERK/mitogenactivated protein kinase (MAPK) investigate whether ATRA mediated its effects via the ERK/MAPK signaling pathway. The results of the present study demonstrated that ATRAinduced increase in membrane localization of caveolin-1 was reversed by treatment with a specific agonist of ERK/MAPK. Together, these results suggest that ATRA exhibits antigastric cancer effects. ATRA may regulate the membrane localization of caveolin-1 in order to inhibit the proliferation of SGC7901 cells. These effects of ATRA may be mediated by inhibiting the activation of ERK/MAPK signaling pathway. These results contribute to the current knowledge on the potential use of ATRA as therapy for solid tumors and provide further insight into the potential molecular mechanisms of ATRA action.
Introduction
The progression, invasion and metastasis of malignant tumor cells are associated with abnormal cell growth and loss of cell-cell adhesion (1) . Caveolae have a specialized function in signal transduction, cell-cell stabilization and maintain interactions with cell matrix (2) . Caveolin-1 is a pivotal scaffold protein of caveolae. As a marker protein of caveolae, caveolin-1 interacts with a number of signaling molecules to regulate cell proliferation, differentiation, apoptosis and cell adhesion by controlling the distribution of signaling protein in subcellular compartments and the activation status of these proteins (3, 4) . However, the functions of caveolin-1 in pathogenesis, progression, invasion and metastasis of malignancies are controversial. A number of studies have demonstrated that caveolin-1 may serve as a tumor suppressor in stomach cancer (5-7).
All-trans retinoic acid (ATRA) is a derivative of vitamin A and has been used in oncotherapy. ATRA was first identified to exhibit anti-leukemic effects, with other studies demonstrating that ATRA also exhibits inhibitory effects on solid tumors, including gastric cancer (8) (9) (10) (11) . In order to determine the molecular mechanisms of ATRA on gastric cancer, the present study investigated whether ATRA served a suppressing tumor effect by regulating cell-cell adhesion potential and then regulating the proliferation of gastric cancer cells.
In the present study, ATRA was identified to significantly inhibit the proliferation of the gastric cancer cell line SGC7901. In addition, translocalization of caveolin-1 to the cell membrane in SGC7901 cells was promoted by ATRA treatment. Furthermore, ATRA treatment was able to affect the level of phosphorylation of extracellular signal-regulated kinase (ERK). When treated with the specific antagonist against ERK, the effect of ATRA treatment on caveolin-1 localization in SGC7901 cells was increased, whereas the 
Materials and methods
Cell culture. The gastric cancer cell line SCG7901 (American Type Culture Collection, Manassas, VA, USA) was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Clark Bioscience, Richmond, VA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin and maintained in an incubator with a humidified atmosphere of 5% CO 2 at 37˚C. Upon reaching 80-90% confluence, the cells were trypsinized and sub-cultured.
Reagents. DMEM was purchased from Gibco (Thermo Fisher Scientific, Inc. Waltham, MA, USA). ATRA was purchased from Sigma-Aldrich (Merck KGaA; Darmstadt, Germany), dissolved in dimethyl sulfoxide (DMSO) and stored at a concentration of 10 mmol/l. The antibodies were obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The remaining reagents were purchased from Sigma-Aldrich (Merck KGaA).
Cell proliferation assay using MTT. An MTT assay was performed to assess the effect of ATRA at different concentrations on SGC7901 cell proliferation according to standard protocol (12) in 96-well plates. SGC7901 cells (5,000 cells/well) were seeded into the wells and cultured. After reaching ~50-60% confluence, 5, 10, 25, 50 and 100 µmol/l ATRA was added to the wells, respectively. The SGC7901 cells that were not treated with ATRA or DMSO were used as untreated cells (untreated cells). The cells treated with corresponding concentration of DMSO (1%) were used as vehicle controls. A total of 20 µl MTT (1 mg/ml) was added to each well following incubation at 37˚C for 24, 48 or 72 h, respectively. Following an additional 4 h incubation at 37˚C, the medium was removed, and the crystals generated by cellular reduction were solubilized by adding 100 µl DMSO. Following a 10 min incubation with agitation at 37˚C, the optical density (OD) was measured using a universal microplate reader (ELx800; BioTek Instruments, Inc., Winooski, VT, USA) at a wavelength of 570 nm. The inhibition ratio was calculated as (OD of the control-OD of the unknown sample)/(OD of the control-OD of the blank control)x100%. Each drug concentration was analyzed in four replicates, and the experiment was repeated in three times.
Immunofluorescence assay for labeling of caveolin-1 in distinct subcellular compartments. The cells (2x10 4 cells) were seeded onto sterile coverslips in a 12-well plate and were fixed with 4% paraformaldehyde for 20 min at room temperature when the cells grew to form a confluent monolayer following treatment with 10 µmol/l ATRA with or without phorbol 12-myristate 13-acetate (PMA, 1 µmol/l) and PD98059 (10 µmol/l) for 72 h at 37˚C. Subsequently, the cells were incubated with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) in phosphate-buffered saline (pH 7.4) for blocking for 2 h at room temperature and then were incubated overnight at 4˚C with the primary antibody against caveolin-1 (dilution, 1:50; cat no. sc-53564), followed by visualization with goat anti-mouse fluorescein isothiocyanate-coupled secondary antibody (dilution, 1:500; cat no. A0568) for 2 h at room temperature in a dark box. Cover slips were mounted, and the cells were imaged with a fluorescence microscope.
Analysis of caveolin-1 protein levels at distinct subcellular compartments using western blotting. Cell extracts were collected following treatment with 10 µmol/l ATRA for 72 h at 37˚C. For collection of cytoplasmic protein, the cells were lysed in lysis buffer [20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2 mM MgCl 2 , 1 mM EDTA, 2 mM DTT, 5 µg/ml leupeptin, 1 mM phenylmethanesulfonyl fluoride; pH 7.4] and then centrifuged at 16,000 x g for 20 min at 4˚C to collect the supernatant. The membrane protein was obtained using Membrane Protein Extraction kit, according to the manufacturer's protocol. Total Protein Extraction kit was used to extract the total cellular protein, according to the manufacturer's protocol. The concentration of all the extracted protein was determined using the BCA method. Then the protein (30 µg/lane) was separated using SDS-PAGE (12.5% gel) and transferred to polyvinylidene difluoride membranes. Following blocking in 5% skimmed milk at room temperature for 2 h, the membranes were incubated with the primary antibody against caveolin-1 (dilution, 1:500; cat no. sc-53564) at 4˚C overnight, followed by incubation at room temperature for 2 h with horseradish peroxidase-conjugated secondary antibodies (dilution, 1:20,000; goat anti-mouse IgG; cat no. AP124P). Protein-antibody complexes were visualized by enhanced chemiluminescent detection system according to the manufacturer's protocol. β-actin (dilution, 1:1,000; cat. no. sc-47778, incubate at 4˚C overnight) was used as the reference gene. The quantity of caveolin-1 relative to that of the reference protein β-actin was calculated with Quantity One (version, 4.6.2; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Western blot analysis for the detection of ERK signaling pathway activity. SGC7901 cells grown in 6-well cell culture plates were treated at 37˚C with 10 µmol/l ATRA for 5, 15, 30 and 45 min, 1, 2, 4 or 24 h. Then, the cells were lysed with lysis buffer and the protein was collected, quantified and analyzed as aforementioned. The primary antibodies used were antibodies against phosphorylated (p)ERK (dilution, 1:500; cat no. sc-7383, 4˚C overnight) or ERK (dilution, 1:500; cat no. sc-514302, 4˚C overnight). Goat anti-mouse HRP-IgG was used as mentioned above (dilution, 1:20,000; cat no. AP124P, 2 h at room temperature).
Statistical analyses. Statistical analyses were performed using SPSS (version 16.0; SPSS, Inc., Chicago, IL, USA). One-way analysis of variance was used to analyze the difference among the distinct groups of gastric cancer cells. Multiple comparison between the groups was performed using the Student-Newman-Keuls method. P<0.05 was considered to indicate a statistically significant difference. 50 and 100 µmol/l) for 24, 48 or 72 h, respectively. Cell viability was determined with a colorimetric MTT assay. The results indicated that treatment with ATRA was able to significantly inhibit the proliferation of SGC7901 cells when compared to the vehicle control group. When the cells were treated with ATRA at various concentrations of 5, 10, 25, 50 and 100 µmol/l for 24, the % inhibition values were 16 Fig. 1 ; Tables I-III) . In accordance with these results, 10 µmol/l ATRA was used to treat SGC7901 cells for 72 h in the subsequent experiments.
Results

ATRA inhibits the proliferation of SGC7901 cells in a dose
ATRA preferentially promotes the translocation of caveolin-1 to the cell membrane in SGC7901 cells.
Following treatment of SGC7901 cells with 10 µmol/l ATRA for 72 h, caveolin-1 localization and expression were determined by specific immunofluorescence labeling and western blot assay, respectively. As presented in Fig. 2 , the fluorescent staining of caveolin-1 was identified in the cytoplasm and the cell membrane of the SGC7901 cells. Staining for caveolin-1 in the cell membrane was markedly increased, whereas the staining in the plasma was decreased when the cells were treated with ATRA for 72 h when compared to untreated cells and vehicle control. These results indicate that the cellular localization of caveolin-1 in SGC7901 cells is affected by ATRA treatment. Western blot analysis revealed that there was no significant change in the total levels of caveolin-1 when SGC7901 cells were ATRA (Fig. 3) . The levels of caveolin-1 in the cytosolic protein fraction in SGC7901 cells were significantly increased compared with the vehicle control and untreated cells. By contrast, the levels of caveolin-1 in the cytosolic fraction in ATRA-treated SGC7901 cells were significantly decreased compared with the vehicle control and untreated cells (Fig. 3) . These results indicate that ATRA treatment promotes the localization of caveolin-1 in the cell membrane, whereas ATRA treatment has no effects on the total expression levels of caveolin-1 in SGC7901 gastric cancer cells.
ATRA meditates its effects on the localization of caveolin-1 by inhibiting the activity of the ERK/MAPK signaling pathway.
The SGC7901 cells were treated with 10 µmol/l ATRA for 5, 15, 30 and 45 min, 1, 2, 4 or 24 h, and the activity of the ERK signaling pathway was investigated by analyzing the phosphorylation levels of ERK. As presented in Fig. 4 , the levels of pERK started to decrease when the cells were treated for 45 min compared with untreated cells, and the levels began to restore when the cells were treated longer than 2 h. The observations led to the hypothesis that ATRA may meditate its effects on the regulation of caveolin-1 expression and localization via the ERK/MAPK signaling pathway. To investigate this hypothesis, a specific inhibitor (PD98059) and activator (PMA) of the ERK/MAPK signaling pathway were added to the cell culture medium either in combination with ATRA or alone. Immunofluorescence assay revealed that the membrane localization of caveolin-1 was markedly increased in the cells that were treated with a combination of ATRA and PD98059 (a specific inhibitor of the ERK/MAPK signaling pathway), compared with the cells that were treated with ATRA or PD98059 alone. On the other hand, caveolin-1 aggregation induced by ATRA was attenuated in the PMA-treated cells compared with ATRA treated cells (Fig. 5) .
Discussion
Gastric cancer is one of the most common types of malignant tumor in China and is the leading cause of cancer-associated mortality (13) . As with other malignant tumors, multi-step processes and genetic alterations are proposed to be involved in the development of gastric cancer (14) . Among these diverse processes, dysfunction of caveolae has been identified to be a critical factor involved in tumor development, invasion and metastasis (3) .
Caveolae are membrane microdomains consisting of three major structural proteins, namely caveolin-1, -2 and -3 (15) . Caveolin-1 is a principal protein for constructing caveolae and exerts roles in multiple cellular processes that are involved in tumor genesis signaling (4, 16) . However, the tumor-associated functions of caveolin-1 are not fully clarified and are dependent on the type of tissue and stage of cancer (3) . In gastric cancer, caveolin-1 has been identified as a tumor suppressor. A decrease or loss of caveolin-1 expression was demonstrated to be implicated in the pathogenesis of oncogenic transformation of cells (5, 6) . Decreased expression of caveolin-1 was associated with increased occurrence of gastric cancer (5) . Caveolin-1 expression resulted in cell cycle arrest at the G0-G1 phase of the cell cycle, thereby attenuating cell growth (17, 18) . In addition, silencing of cavelin-1 in primary tumors promotes cell proliferation and enables excessive clonal expansion of tumor cells (19, 20) . Therefore, caveolin-1 may be regarded as a prognostic biomarker for early detection, prediction and as a potential therapeutic target of gastric adenocarcinoma (21) .
ATRA is derived from vitamin A and has been used in oncotherapy, particularly in the treatment of acute leukemia (8) . In addition, previous studies have suggested that ATRA also regulate multiple cancer-associated processes in solid cancer cells, including cell proliferation, apoptosis, differentiation, migration and metastasis (22) (23) (24) . The current study aimed to investigate the effects of ATRA treatment on the gastric cancer cell line SGC7901 and to determine whether caveolin-1 is involved in the effects of ATRA.
Cell proliferation assay revealed that in the SGC7901 cell line, treatment with ATRA led to a time-and dose-dependent decrease in cell proliferation (Fig. 1) . The inhibition % at 10 µmol/l was 18.02, 28.28 and 29.77% when the cells were treated with ATRA for 24, 48 and 72 h, respectively. In the subsequent experiments of the present study, the SGC7901 cells were treated with ATRA at the concentration of 10 µmol/l ATRA for 72 h.
Specific immunofluorescent staining was used to localize caveolin-1 in SGC7901 cells. The results of this assay demonstrated that caveolin-1 was located in the cytoplasm and on the cell membrane of the SGC7901 cells. ATRA-treated cells exhibited significantly increased membrane localization of caveolin-1 accompanied by decreased cytosolic localization, compared with the untreated controls (Fig. 2) . To verify the results of the immunofluorescence experiments, western blot analysis was performed to detect the total levels of caveolin-1, and membrane and cytosolic protein fractions in SGC7901 cells. In the western blot assay, the quantity of caveolin-1 relative to that of the reference protein β-actin was calculated with Quantity One. A significantly increased level of caveolin-1 was observed in the cell membrane protein fraction in ATRA-treated cells, compared with the untreated control and vehicle control (Fig. 3C) . At the same time, a significant decrease in the level of caveolin-1 in the cytosolic protein fraction was observed in the ATRA-treated cells compared with the untreated control and vehicle control (Fig. 3B) . However, there was no noticeable difference in the total levels of caveolin-1 in ATRA-treated cells compared with control cells (Fig. 3A) . Consistent results were observed from the immunofluorescence and western blot assays. The results of the present study suggest that ATRA is able to specifically promote the localization of caveolin-1 at the cell membrane, however ATRA has no effect on the total levels of caveolin-1.
The treatment of the SGC7901 cells with ATRA was able to inhibit the ERK/MAPK signaling pathway by decreasing the phosphorylation of ERK (Fig. 4) . It was hypothesized that ATRA may regulate the localization of caveolin-1 by inhibiting the ERK/MAPK signaling pathway. To investigate the hypothesis, PMA (a specific agonist of the ERK/MAPK signaling pathway) and PD98059 (a inhibitor of the ERK/MAPK signaling pathway) were used to treat the SGC7901 cells, and immunofluorescent staining of caveolin-1 was performed. The results revealed that the membrane localization of caveolin-1 was increased when the cells were treated with the specific inhibitor PD98059 alone compared with untreated cells, and the effect was more apparent when the cells were treated with a combination of ATRA and PD98059 (Fig. 5C and D) . The specific agonist PMA had the opposite effects compared with treatment with PD98059 alone. Treatment with PMA was able to attenuate ATRA-induced increase of membrane localization of caveolin-1 ( Fig. 5E and F) . These results may suggest that ATRA serves a function in adjusting the cellular localization of caveolin-1 via the ERK/MAPK signaling pathway.
In conclusion, the results of the present study indicate that treatment with ATRA was able to inhibit the proliferation of SGC7901 gastric cancer cells and the inhibitory effects of ATRA may be partially mediated by increasing caveolin-1 membrane localization. In addition, the effects of ATRA treatment in SGC7901 cells are partly mediated by inhibiting the activation of ERK.
